ABSTRACT
Introduction
AZ31 is a very commonly used Al-containing (or Zr-free) Mg alloy in today's engineering world. Its use comes with the following engineering advantages: 1) Low cost, 2) Ease of handling and 3) Good strength and ductility. Using the friction stir processing technique recently, AZ31 has been surface-reinforced with SiC microparticulates [1] , C 60 molecules [2] , and multi-walled carbon nanotubes [3] . Here, it was reported that the base matrix was consequently hardened due to good dispersion. Similar findings along with grain refinement were also reported for AZ31 reinforced with SiC and B 4 C microparticulates using gas-tungsten arc (GTA) with simultaneous reinforcement powder feeding processing technique [4] [5] [6] . Adherent and defect-free particle-matrix interface in the AZ31/SiC microcomposite has been reported [5, 6] . Pulsed current hot pressing (PCHP) has been used to incorporate TiNi shape memory alloy (SMA) fibers in AZ31 matrix without significant interfacial reaction [7] . The yield stress and elongation in the AZ31/TiNi microcomposite increased with temperature (strength significantly exceeded that of AZ31 matrix). This was a consequence of residual compressive stress in the AZ31 matrix due to phase change induced shrinkage of the TiNi fiber. Technically, AZ31 may be alloyed with more pure aluminium to obtain the other magnesium alloys in the AZ series (AZ61, AZ81, AZ91 etc.). However, the use of aluminium alloy (as opposed to pure aluminium) to metallurgically upgrade AZ31 has not been reported. There may be certain advantages in this approach based on the lower liquidus temperature of the aluminium alloy compared to pure aluminium. The carbon nanotube (CNT) possesses many unique properties [8, 9] which enable it to be useful in selected applications. It has superior strength (30 GPa) and stiffness (1 TPa) in tension [10] . Also, the CNT bends reversibly [11] . Its electrical properties are comparable to those of metals and semi-conductors [12, 13] . Furthermore, the thermal conductivity of the CNT has been predicted to be unusually high [14] . Additionally, the CNT has a high aspect ratio which implies that it has a high surface area to volume ratio [15] . The unique properties and high SA/V ratio of the CNT have resulted in its combination with other materials in attempts to create useful composite materials [16] [17] [18] [19] . However, open literature search has revealed that no successful attempt has been made to simultaneously increase tensile as well as compressive strength and ductility of wrought AZ31/AA5083 hybrid alloy with well dispersed CNT or any other nanoparticles, using a high volume production spray-deposition based solidification processing technique.
Accordingly, the primary aim of this study was to simultaneously increase strength and ductility in tension and compression of wrought AZ31/AA5083 hybrid alloy using CNT as reinforcement. Disintegrated melt deposition (DMD) [20, 21] followed by hot extrusion was used to synthesize the wrought AZ31/AA5083/CNT hybrid alloy nanocomposite.
Experimental Procedures

Materials
In this study, AZ31 (nominally 2. was used (addition of 3 wt.% relative to AZ31 weight) to metallurgically upgrade AZ31. AZ31 and AA5083 blocks were sectioned to smaller pieces. All oxide and scale surfaces were removed using machining. All surfaces were washed with ethanol after machining. CNT powder (vapor grown, 94.7% purity, 40-70 nm outer diameter, up to 100 aspect ratio [22] ) supplied by Nanostructured & Amorphous Materials Inc (Texas, USA) was used as the reinforcement phase.
Processing
Monolithic AZ31/AA5083 hybrid alloy (3 wt.% AA 5083 addition relative to AZ31 weight) was cast using the DMD method [20, 21] . This involved heating AZ31 and AA5083 blocks to 750˚C in an inert Ar gas atmosphere in a graphite crucible using a resistance heating furnace. The crucible was equipped with an arrangement for bottom pouring. Upon reaching the superheat temperature, the molten slurry was stirred for 2.5 min at 460 rpm using a twin blade (pitch 45˚) mild steel impeller to facilitate the uniform distribution of heat. The impeller was coated with Zirtex 25 (86%ZrO 2 , 8.8%Y 2 O 3 , 3.6% SiO 2 , 1.2%K 2 O and Na 2 O, and 0.3% trace inorganics) to avoid iron contamination of the molten metal. The melt was then released through a 10 mm diameter orifice at the base of the crucible. The melt was disintegrated by two jets of argon gas oriented normal to the melt stream located 265 mm from the melt pouring point. The argon gas flow rate was maintained at 25 lpm. The disintegrated melt slurry was subsequently deposited onto a metallic substrate located 500 mm from the disintegration point. An ingot of 40 mm diameter was obtained following the deposition stage. To form the AZ31/ AA5083/1.0 vol.% CNT hybrid alloy nanocomposite, CNT powder was isolated by wrapping in Al foil of minimal weight (< 0.50 wt.% with respect to AZ31 and AA5083 total matrix weight) and arranged on top of the AZ31 and AA5083 alloy blocks, with all other DMD parameters unchanged. All billets were machined to 35 mm diameter and hot extruded using 20.25:1 extrusion ratio on a 150ton hydraulic press. The extrusion temperature was 350˚C. The billets were held at 400˚C for 60 min in a furnace prior to extrusion. Colloidal graphite was used as a lubricant. Rods of 8 mm were obtained.
Heat Treatment
Heat treatment was carried out on all extruded sections at 200˚C for 1 hour using a resistance heating furnace. This selection of temperature and time was made in order to relax the monolithic AZ31/AA5083 hybrid alloy (3 wt.% AA5083 addition relative to AZ31 weight) without recrystallization softening. The recrystallization temperature of AZ61 magnesium alloy (as the nearest matching alloy in terms of composition) following 20% cold work after 1 hour is 288˚C [23] ). Prior to heat treatment, the sections were coated with colloidal graphite and wrapped in aluminum foil to minimize reaction with oxygen present in the furnace atmosphere.
Microstructural Characterization
Microstructural characterization studies were conducted on metallographically polished monolithic and nanocomposite extruded samples to determine grain characteristics as well as nanoparticle reinforcement distribution. Hitachi S4300 Field-Emission SEM was used. Image analysis using Scion software was carried out to determine the grain characteristics. XRD studies were conducted using CuK α radiation (λ = 1.5406 Å) with a scan speed of 2˚/min in an automated Shimadzu LAB-X XRD-6000 diffractometer to determine intermetallic phase(s) presence and dominant textures in the transverse and longitudinal (extrusion) directions.
gf-indenting load and 15 s dwell time.
Tensile Testing
Smooth bar tensile properties of the monolithic and nanocomposite extruded samples were determined based on ASTM E8M-05. Round tension test samples of 5 mm diameter and 25 mm gauge length were subjected to tension using an MTS 810 machine equipped with an axial extensometer with a crosshead speed set at 0.254 mm/min. Fractography was performed on the tensile fracture surfaces using Hitachi S4300 FESEM.
Compressive Testing
Compressive properties of the monolithic and nanocomposite extruded samples were determined based on ASTM E9-89a. Samples of 8 mm length (l) and 8 mm diameter (d) where l/d = 1 were subjected to compression using a MTS 810 machine with 0.005 min -1 strain rate. Fractography was performed on the compressive fracture surfaces using Hitachi S4300 FESEM.
Results
Macrostructural Characteristics
No macropores or shrinkage cavities were observed in the cast monolithic and nanocomposite materials. No macrostructural defects were observed for extruded rods of monolithic and nanocomposite materials.
Microstructural Characteristics
Microstructural analysis results revealed that grain size and aspect ratio remained statistically unchanged in the case of nanocomposite as shown in Table 1 and Figures  1(a,b) . CNT reinforcement distribution in the nanocomposite was reasonably uniform as shown in Figures 1(c,d) .
Texture results are listed in Table 2 and shown in Figure 2 . In monolithic and nanocomposite materials, the dominant texture in the transverse and longitudinal directions was (1 0 -1 1).
Hardness
The results of microhardness measurements are listed in Table 1 . The nanocomposite exhibited higher hardness than the monolithic material.
Tensile Behavior
The overall results of ambient temperature tensile testing of the extruded materials are shown in Table 3 and Figure 3(a) . The strength, failure strain and work of fracture (WOF) of AZ31/AA5083/1.0 vol.% CNT were higher compared to monolithic AZ31/AA5083. The WOF was determined by computing the area under the stress-strain Table 1 . Results of grain characteristics and microhardness of AZ31/AA5083 and AZ31/AA5083/CNT nanocomposite. curve up to the point of fracture. The fractured surface of all extruded materials exhibited mixed (ductile + brittle) mode of fracture as shown in Figures 4(a,b) . Minimal CNT pull-out from the tensile fractured surface given the minimum CNT (vapor grown) aspect ratio of 100 [22] was observed in AZ31/AA5083/1.0 vol.% CNT as shown in Figure 4(c) .
Compressive Behavior
The overall results of ambient temperature compressive testing of the extruded materials are shown in Table 4 and Figure 3(b) . The strength, failure strain and work of fracture (WOF) of AZ31/AA5083/1.0 vol.% CNT were higher compared to monolithic AZ31/AA5083. The fractured surface of AZ31/AA5083/1.0 vol.% CNT appeared smoother than that of monolithic AZ31/AA5083 as shown in Figures 4(d,e) . CNT pull-out along the No detectable reaction between graphite crucible and melts. The inert atmosphere used during DMD was effective in preventing oxidation of the Mg melt. No stable carbides of Mg or Al formed due to reaction with graphite crucible.
Microstructural Characteristics
Microstructural characterization of extruded samples is discussed in terms of: 1) Grain characteristics and 2) 
CNT reinforcement distribution.
Nearly equiaxed grains were observed in monolithic material and nanocomposite as shown in Table 1 and Figures 1(a,b) . Grain size was statistically insignificant in the case of nanocomposite, suggesting the inability of CNT to serve as either nucleation sites or obstacles to grain growth during solid state cooling. It was observed that β-Al 12 Mg 17 intermetallic particles decorated the grain boundaries in the monolithic material and nanocomposite (X-ray diffraction (XRD) analysis revealed the presence of β-Al 12 Mg 17 phase [24] ).
The reasonably uniform distribution of CNT as shown in Figures 1(c,d) can be attributed to: 1) Minimal gravity-associated segregation due to judicious selection of stirring parameters [20] , 2) Good wetting of CNT nanoparticles by the alloy matrix [25] [26] [27] [28] , 3) Argon gas disintegration of metallic stream [29] , and 4) Dynamic deposition of composite slurry on substrate followed by hot extrusion. Similar reasonably uniform distribution of CNT nanoparticles in magnesium alloy AZ31 has also been recently reported [28] .
Mechanical Behavior
Hardness
A significant increase in microhardness by 20% was observed in the nanocomposite when compared to monolithic material as listed in Table 1 . This was consistent with earlier observations made on Mg/Al 2 O 3 , AZ31/C 60 and AZ31/MWCNT nanocomposites [30] [31] [32] . The increase in hardness of the nanocomposite in the present study can be attributed to: 1) Reasonably uniform distribution of harder CNT in the matrix and 2) Higher constraint to localized matrix deformation during indentation due to the presence of nanoparticles [30, 31, 33] . Tables 3 and 4 (and shown in Figures 3(a,b) ), respectively. 0.2%TYS and UTS were enhanced by 9% and 4%, respectively, in AZ31/AA5083/1.0 vol.% CNT compared to monolithic material. In comparison of compressive strengths, 0.2% CYS and UCS of AZ31/AA5083/1.0 vol.% CNT were higher (by 1% and 7%, respectively) compared to monolithic AZ31/AA5083. The stress detected at almost any given strain was higher for AZ31/AA5083/1.0 vol.% CNT compared to monolithic AZ31/AA5083 as shown in Figure 3(b) . The tensile/compressive strength increase in AZ31/AA5083/1.0 vol.% CNT compared to monolithic AZ31/AA5083 can be attributed to the following well known factors (pertaining to reinforcement): 1) Dislocation generation due to elastic modulus mismatch and coefficient of thermal expansion mismatch between the matrix and reinforcement [30, [33] [34] [35] , 2) Orowan strengthening mechanism [34] [35] [36] and 3) Load transfer from matrix to reinforcement [30, 34] . The tensile/compressive strength increase in AZ31/AA5083/1.0 vol.% CNT compared to monolithic AZ31/AA5083 was despite compressive shear buckling of CNT in AZ31/AA5083/ 1.0 vol.% CNT as illustrated in Figure 5 . Here, the CNT (with aspect ratio as high as 100 [22] ) is prone to buckling followed by fracture within the AZ31/AA5083 matrix during compressive deformation [37] [38] [39] . CNT buckling within the AZ31/AA5083 matrix occurs more easily with increasing CNT aspect ratio (or slenderness ratio) [39, 40] . This induces a significantly lower limit on the well known factors pertaining to reinforcement just listed.
Tensile and Compressive Behavior
In monolithic AZ31/AA5083, 0.2%TYS was about 1.44 times the 0.2%CYS. Here, the tensile/compressive yield stress anisotropy was despite the similarity in crystallographic texture compared to monolithic AZ31/ AA5083, where {1 0 1 -2} <1 0 1 -1 > -type twinning was activated along the c-axis of the HCP unit cell in Figure 2 with comparatively similar ease in both tension and compression along the c-axis, based on the 45˚ angle between the c-axis and the vertical axis [41, 42] . The tensile/compressive yield stress anisotropy can be attributed generally to half the strain rate used (less strain hardening) in compressive testing compared to tensile testing. In AZ31/AA5083/1.0 vol.% CNT nanocomposite, 0.2%TYS was about 1.55 times the 0.2%CYS (slightly higher ratio compared to monolithic AZ31/AA5083). Here, the slightly increased tensile/compressive yield stress anisotropy can be attributed to compressive shear buckling of CNT as illustrated in Figure 5 . The CNT is prone to buckling followed by fracture within the AZ31/AA5083 matrix during compressive deformation unlike during tensile deformation [37] [38] [39] [40] .
Failure Strain
The tensile and compressive failure strains of monolithic material and nanocomposite are listed in Tables 3 and 4 (and shown in Figures 3(a,b) ), respectively. Compared to monolithic material, tensile and compressive failure strains were enhanced by 38% and 23% (respectively) in AZ31/AA5083/1.0 vol.% CNT. The failure strain increase in AZ31/AA5083/1.0 vol.% CNT compared to monolithic AZ31/AA5083 can be attributed to the following factors pertaining to reinforcement: 1) Presence and reasonably uniform distribution of CNT nanoparticles [31, 43] and 2) Compressive shear buckling of CNT (regarding compressive failure strain only) [37] [38] [39] [40] . In the case of reasonably uniform distribution of CNT nano- particles, it has been shown in previous studies that nanoparticles provide sites where cleavage cracks are opened ahead of the advancing crack front. This: 1) dissipates the stress concentration which would otherwise exist at the crack front and 2) alters the local effective stress state from plane strain to plane stress in the neighbourhood of crack tip [31, 43] . In the case of compressive shear buckling of CNT, CNT buckling within the AZ31/AA5083 matrix aids in dispersing localized stored energy during compressive deformation. This allows AZ31/AA5083/1.0 vol.% CNT to globally absorb relatively large amounts of strain energy during compressive deformation [37] [38] [39] [40] . Here, CNT buckling within the AZ31/AA5083 matrix is a compressive toughening mechanism. Tensile fracture behaviour of both monolithic material and nanocomposite was mixed (ductile + brittle) as shown in Figures 4(a,b) . However, the tensile fractured surface of the nanocomposite had: 1) Higher occurrence of smaller dimple-like features and 2) Absence of microcracks, compared to that of monolithic material. The tensile cavitation resistance was lower in the nanocomposite compared to monolithic material. For AZ31/AA5083/1.0 vol.% CNT, compressive fracture behavior based on viscoplastic flow [44] was relatively more ductile (smoother fracture surface exhibited) compared to monolithic AZ31/AA5083 as shown in Figures  4(d,e) . This relatively more ductile compressive fracture behavior can be attributed to increase in shear band spacing [44, 45] .
Work of Fracture
The tensile and compressive work of fracture (WOF) of monolithic material and nanocomposite are listed in Tables 3 and 4 (and illustrated in Figures 3(a,b) ), respectively. WOF quantified the ability of the material to absorb energy up to fracture under load [46] . Compared to monolithic material, tensile and compressive WOF were enhanced by 44% and 23% (respectively) in AZ31/AA5083/1.0 vol.% CNT. The high increments in tensile and compressive WOF exhibited by AZ31/AA 5083/1.0 vol.% CNT show its potential to be used in damage tolerant design.
Conclusions
1) Monolithic AZ31/AA5083 hybrid alloy and AZ31/AA 5083/1.0 vol.% CNT hybrid alloy nanocomposite can be successfully synthesized using the DMD technique followed by hot extrusion.
2) Compared to monolithic AZ31/AA5083, tensile and compressive strengths of AZ31/AA5083/1.0 vol% CNT were enhanced. This can be attributed to well known factors pertaining to reinforcement despite compressive shear buckling of CNT (regarding compressive strength only).
3) Compared to monolithic AZ31/AA5083, tensile and compressive failure strains of AZ31/AA5083/1.0 vol.% CNT were enhanced. This can be attributed to the following factors pertaining to reinforcement: (a) Presence and reasonably uniform distribution of CNT nanoparticles and (b) Compressive shear buckling of CNT (regarding compressive failure strain only).
4) Compared to monolithic AZ31/AA5083, AZ31/AA 5083/1.0 vol.% CNT exhibited high increments in both tensile and compressive WOF.
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